A sensitive, labor-saving, and easily automatable nonradioactive procedure named APEX-FCS (amplified probe extension detected by f luorescence correlation spectroscopy) has been established to detect specific in vitro amplification of pathogen genomic sequences. As an example, Mycobacterium tuberculosis genomic DNA was subjected to PCR amplification with the Stoffel fragment of Thermus aquaticus DNA polymerase in the presence of nanomolar concentrations of a rhodamine-labeled probe (third primer), binding to the target in between the micromolar amplification primers. The probe becomes extended only when specific amplification occurs. Its low concentration avoids falsepositives due to unspecific hybridization under PCR conditions. With increasing portion of extended probe molecules, the probe's average translational diffusion properties gradually change over the course of the reaction, ref lecting amplification kinetics. Following PCR, this change from a stage of high to a stage of low mobility can directly be monitored during a 30-s measurement using a f luorescence correlation spectroscopy device. Quantitation down to 10 target molecules in a background of 2.5 g unspecific DNA without post-PCR probe manipulations could be achieved with different primer͞ probe combinations. The assay holds the promise to concurrently perform amplification, probe hybridization, and specific detection without opening the reaction chamber, if sealable foils are used. 1970s (1-3) , that has since then found a variety of applications (for a review, see ref. 4). It selfcorrelates the fluorescence intensity signal from a sample of laser-excited fluorophores to obtain information about the processes leading to temporal fluctuations. The underlying processes might be photophysical transitions, shifts in wavelength, changes in quantum yield, or simply concentration fluctuations by thermal motion (diffusion) of the fluorophores. For diffusing molecules, the fluctuation autocorrelation signal G yields information about the number of molecules in the investigated volume from its value at time zero, G(t ϭ 0), and about the diffusion properties of the molecules from its temporal decay, G(t) (4). If the diffusion properties of the fluorescent species change during a process, this can sensitively be followed by FCS. The technique has been applied so far, for example, for measuring lateral diffusion coefficients in lipid bilayers (5
Fluorescence correlation spectroscopy (FCS) is a technique developed in the early 1970s (1) (2) (3) , that has since then found a variety of applications (for a review, see ref. 4) . It selfcorrelates the fluorescence intensity signal from a sample of laser-excited fluorophores to obtain information about the processes leading to temporal fluctuations. The underlying processes might be photophysical transitions, shifts in wavelength, changes in quantum yield, or simply concentration fluctuations by thermal motion (diffusion) of the fluorophores. For diffusing molecules, the fluctuation autocorrelation signal G yields information about the number of molecules in the investigated volume from its value at time zero, G(t ϭ 0), and about the diffusion properties of the molecules from its temporal decay, G(t) (4) . If the diffusion properties of the fluorescent species change during a process, this can sensitively be followed by FCS. The technique has been applied so far, for example, for measuring lateral diffusion coefficients in lipid bilayers (5) , intercalation of fluorophores into nuclear chromatin (6) , binding of fluorescently labeled antigens or antibodies to latex particles (7) , immunoglobulin surface-binding kinetics (8) , rotational diffusion times of enzymes (9) , movement of actin filaments (10) , binding of ligand to receptor (11) , and hybridization of DNA to DNA (12) or DNA to RNA in solution (13) .
In the present work, we have combined an amplification technique, namely the PCR, with a simultaneous, FCS-based detection technique using a N,N,NЈ,NЈ-tetramethyl-5-carboxyrhodamine (TMR)-labeled fluorescent probe. The probe binds to specific amplification products in between the primer binding sites, and becomes extended during PCR by the utilized 5Ј-3Ј exonuclease-free Stoffel fragment of Thermus aquaticus DNA polymerase. After temperature cycling, this extension and incorporation into double-stranded product can directly be monitored by the increase in diffusion time of the probe through an illuminated FCS sample volume. Low concentrations of 1-10 nM probe versus 0.5 M amplification primers proved to be in favor of a strong FCS signal, at the same time rendering detection insensible to unspecific products, that could otherwise lead to false-positives (Fig. 1 ). The system was tested with different primer͞probe combinations on Mycobacterium tuberculosis genomic DNA as a target. Until recently, methods for the identification of Mycobacterium species have been dependent on laborious and lengthy culturing techniques for these slowly growing pathogens (14, 15) . The necessity for a more rapid diagnosis due to resurgence of tuberculosis worldwide subsequent to the AIDS pandemic and the occurrence of multidrug-resistant strains has resulted in development of various PCR-based detection methods (15) (16) (17) . They typically require a subsequent probe hybridization and detection step for confirmation of specific amplification. The advantages of the presented FCS-based technique over current detection procedures will be discussed.
EXPERIMENTAL PROCEDURES
Materials. All oligodeoxynucleotides (Table 1) were purchased in HPLC pure quality from NAPS (Göttingen, Germany). Probes PR1, PR3, HS1, and HS3 were labeled with the 5-isomer of TMR at their 5Ј end via an amino-hexyllinker. Their concentration was determined taking into account the absorbance of the TMR label at 260 nm (with A 260 ͞A 554 ϭ 0.49), and the degree of substitution (DOS) was confirmed to be one label per molecule using the equation DOS ϭ [(10 ϫ N͞86) ϫ A 554 )]͞[A 260 Ϫ (0.49 ϫ A 554 )] (with N ϭ the number of bases in the probe). dNTPs were obtained from Pharmacia, 5Ј-3Ј exonuclease-free Stoffel fragment of T. aquaticus DNA polymerase was from Perkin-Elmer. Genomic DNA of M. tuberculosis was a generous gift from C. Spargo and G. T. Walker (Becton Dickinson Research Center, Research Triangle Park, NC). Human placenta DNA was purchased from Sigma, DNA marker V from Boehringer. Aerosol-resistant tips (Biozym, Hameln, Germany) were used throughout to minimize contamination of PCR reagents with amplicons.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. FCS Measurement and Extraction of Relative Diffusion Times. After PCR, a 10-l sample of the reaction mixture was applied without further manipulation to the water immersion 63 ϫ 1.2 microscope objective of a FCS setup and equlibrated to room temperature (22ЊC) for 2 min. The FCS device has been described in detail elsewhere (13, 20) . For every measurement, the obtained fluorescence photocount signal was autocorrelated over 30 s by a digital signal correlator card.
For a mixture of particles exhibiting a fast ( 1 ) and a slow ( 2 ) translational diffusion time (as in our case the unmodified and extended probe, respectively), the fluctuation autocorrelation function reads
where y and (1 Ϫ y) are the fractions of the unmodified and extended probe forms with diffusion times 1 and 2 , respectively, and N is the total molecule number present on average in the laser-illuminated open volume element. The normalized reciprocal of Eq. 1 yields
A plot of the ratio [G(t ϭ 0)]͞[G(t)] versus time t was used for fast extraction of relative diffusion times. For y ϭ 1 (i.e., all probe is in the fast diffusing unextended state), the plot is a linear function in the observed time window with slope 1͞ 1 . For y ϭ 0 (i.e., the probe becomes completely incorporated into extension product), the straight line has the lower slope Quantitative Analysis of Extension Products on Sequencing Gels. An appropriate volume with a total amount of 50 fmol TMR-labeled probe was taken from each PCR mixture, the DNA ethanol precipitated and loaded either onto an 6% sequencing gel or a nondenaturing gel under omission of urea, to be analyzed by electrophoresis on an Applied Biosystems model 373A DNA sequencer as described by the manufacturer. After completion of the gel run, intensities of the fluorescent bands showing up in the yellow ''T signal'' were quantified, their relative distribution calculated, and their fragment lengths determined using the Genescan 672 equipment (Applied Biosystems).
RESULTS
FCS Detection of PCR Amplification Kinetics. PCR amplification of a 106-bp product starting from 10 5 strands M. tuberculosis genomic DNA in a background of 2.5 g unspecific human placenta DNA in 50 l reaction volume was performed using primer pair S1͞S2 as amplification primers and 10 nM TMR-labeled probe PR1 as detection primer (Table 1) . The amplification primers target IS6110, an insertion-like element specific for M. tuberculosis and Mycobacterium bovis, that is present in about 10 copies per genome (18) . The fluorescently labeled probe binds in between the amplification primers with the same orientation as S2 and overlapping with the 3Ј end of 
(t).
With template present in the reaction mixture, PCR leads to formation of specific amplification products. Over successive PCR rounds, these increase in concentration up to a point, where hybridization with probe PR1 is efficient enough to yield extension products. The extended probe exhibits an increased diffusion time, resulting in a shifted fluorescence autocorrelation function.
S2 by 5 nucleotides. PCR utilizing the 5Ј-3Ј exonuclease-free Stoffel fragment of T. aquaticus DNA polymerase was stopped after a varied number of temperature cycles. The autocorrelation function G(t) of the probe obtained by FCS showed a specific shift toward larger correlation times with increasing PCR cycle number (Fig. 2) . Plotting the same data in the form (Fig. 2) . To rapidly extract relative probe diffusion times, linear regressions of these curves between 0.1-ms and 1.0-ms autocorrelation time were calculated, divided by the slope prior to temperature cycling (cycle 0), and inverted (see Materials and Methods). The result is shown in Fig. 3 . The probe's diffusion time clearly reflects PCR amplification kinetics with an initial lag phase (before the detection threshold is reached), rapid exponential enrichment of amplification products, and a plateau phase by attenuation of product accumulation during late PCR cycles (21) . This plateau indicates saturation corresponding to an endpoint in titration. We therefore may call this particular procedure ''primer end point titration'' (PEP). The number of probe molecules present on average in the laser focus slightly decreases over temperature cycling, possibly by wall adsorption effects, while the number of emitted photons per molecule and second apparently increases over time (Fig. 3 Inset) .
Addition of the probe at late PCR cycles resulted in less pronounced curve shifts, indicating that accumulation of extended probe occurred over more than the last five cycles (data not shown). Since addition of probe together with the amplification primers results in the most convenient and easily automatable assay format, this procedure was retained. Neither utilization of the 5Ј-3Ј exonuclease-competent T. aquaticus DNA polymerase nor an asymmetric PCR with only one amplification primer in opposite orientation to the probe gave rise to a significant shift of the FCS autocorrelation signal over increasing temperature cycles (data not shown).
Inf luence of Probe Concentration on PCR and Specificity of Probe Extension. Fig. 4 shows PCR amplification of the 106-bp product using primer pair S1͞S2 in the presence of different concentrations of probe PR1 (Table 1) , starting from 10 4 strands M. tuberculosis genomic DNA in a background of 2.5 g unspecific human placenta DNA in 50 l reaction volume. There was no significant difference of amplification efficiency detectable at a probe concentration of up to 20 nM in comparison to the reaction without added probe (Fig. 4 A versus B) . While amplification products were of the same specificity for all tested probe concentrations, analysis of the extended probe showed that, at concentrations of 20 nM or higher, it could occasionally be extended to unspecific products (data not shown). This phenomenon was prone to contamination of reaction mixtures with prod- Proc. Natl. Acad. Sci. USA 93 (1996) 12807 ucts from earlier amplifications, which is a typical observation for sensitive amplification reactions with high primer concentrations (22) . At probe concentrations below 10 nM, no such unspecific probe extension products could be observed. Analysis of the f luorescent products under these conditions on a nonradioactive DNA sequencer reproducibly showed the expected full-length probe extension product expected for annealing of the probe to the 106-bp PCR product (Fig. 4C) . Probe extension products became detectable on the sequencer as soon as PCR products showed up on nondenaturing gels after ethidium bromide staining, implying amplicon concentrations to be in the 10-nM range. Probe HS1, which does not bind to sequences in the M. tuberculosis genome (Table 1) , showed no elongation (Fig.  4D) . Since f luorophore concentrations of 1 to 5 nM also give rise to a strong FCS signal [that increases with decreasing concentration (4)], this probe concentration range was used for all further studies. Analysis on a nondenaturing gel showed, that the rhodamine-labeled products under native conditions were double strands formed by hybridization of the extended probe strands with complementary primer elongation products (data not shown). Signal Dependence on Input Target Number. Fig. 5 shows PCR amplification reactions for different amplification primer and probe sets, applying a constant number of either 36 or 40 thermal cycles, but with varying numbers of input target genomes, each in a background of 2.5 g unspecific human placenta DNA in 50 l reaction volume. Using both primer pair S1͞S2 with 1 nM probe PR1 and primer pair B1B͞B2B with 5 nM probe PR3 (Table 1 ), detection limits were below 100 M. tuberculosis genomes. By comparison with such a dilution standard, quantitation of down to 10 target sequences in a high unspecific DNA background is possible. The obtained FCS-derived diffusion time signal correlates well with quantitation of the extended probe fraction using an automated sequencer (Fig. 5 Left) . Nonbinding probes like HS3 (Table 1) do not show any shift in autocorrelation function and diffusion time upon specific amplification of target sequence (Fig. 5 Right). 
DISCUSSION
In this study, we have successfully combined fluorescence correlation spectroscopy as a means to sensitively measure diffusion times of fluorescently labeled nucleic acids (12, 13) , with probe extension during PCR amplification of a target sequence specific for the M. tuberculosis complex. Thus, a powerful novel detection format called APEX-FCS has been created, that allows quantification of low input target numbers in a high DNA background without the need for manipulations after PCR besides a 30 s FCS measurement. We have demonstrated, that PCR amplification is not inhibited by the presence of up to 20 nM probe. Using probe concentrations of 1-10 nM, probe extension only occurs upon hybridization to specific product, at the same time yielding a strong autocorrelation signal that can be linearized for fast evaluation of relative diffusion time. The amount of probe extension is influenced by input target number, probe concentration, and number of PCR cycles. A detection limit of 10 input target molecules was found for two different primer͞probe combinations and is only limited by amplification efficiency. The spectroscopic properties of the fluorophore label do not significantly change with extensive temperature cycling.
Confirmation of specific target amplification by PCR is necessary to avoid false-positives in diagnostic tests. Classically, this has been accomplished by Southern analysis comprising gel electrophoresis, blotting, and probe hybridization, or by in solution hybridization with ELISA-type detection methods, techniques needing a couple of hours for analysis with limited throughput (23) . To save time, other assay formats have been introduced to speed up probe hybridization-e.g., by post-PCR oligomer hybridization in solution and native gel electrophoresis (24) , subsequent primer extension and denaturing gel electrophoresis (25) , or a ''probe-primer-PCR,'' in which a third amplification primer binding between the other two is added to the PCR mixture to give an additional amplification product on a native gel (26) . The latter approach has been hampered by the 5Ј-3Јexonuclease activity of Taq polymerase, leading to partial degradation of the hybridized probe. Conversely, this intrinsic exonuclease activity of the enzyme can directly be used for specific product detection through analysis of radioactive probe degradation by thin layer chromatography (27) . All these assays, however, have the disadvantage of requiring a subsequent electrophoretic or chromatographic step to distinguish modified and unmodified probe.
Recently, the 5Ј nuclease PCR assay utilizing Taq DNA polymerase has been extended to incorporate fluorescently labeled probes. With donor͞acceptor fluorophore pairs at different probe sites, degradation of probe binding to specific amplification product can be monitored as breakdown in energy transfer efficiency between the dyes (28) (29) (30) . Even more recently, a variation has been proposed, where the change in energy transfer efficiency is high enough upon probe binding to monitor hybridization directly without the need for probe degradation (31) . Here, a so-called molecular beacon with extremely high energy transfer efficiency is used as a probe, featuring a special donor͞acceptor pair and a secondary structure to bring the interacting fluorophores close together. Upon hybridization to target, the dyes are separated in space, resulting in a fluorescence increase of the donor much more pronounced than with other double-labeled probes (29, 32) . While both these assays offer the advantage of reducing post-PCR processing to a single fluorescence measurement, the APEX-FCS assay format described here requires much lower concentrations of a considerably simpler, easily available probe (1-5 nM of single fluorophore-labeled probe versus 50-300 nM double-labeled probe with a 3Ј end blocking group against extension). In the 5Ј nuclease PCR assay, the nicktranslation activity of Taq polymerase is utilized to degrade the downstream bound probe, while in APEX-FCS, the 5Ј-3Ј nuclease free Stoffel fragment allows its extension. Only if the probe 3Ј end is base paired, extension is possible, so that APEX-FCS probes can be designed to detect single base changes. The low fluorescent probe concentration favorable for FCS measurement provides stringent conditions for probe binding to its specific target. It was shown that detectable probe extension only occurs with amplicon concentrations above 10 nM, which is consistent with the notion of hybridization kinetics limiting probe extension below this point (13) . It is remarkable, that under these conditions, no significant probe degradation using 5Ј-3Ј exonuclease-competent Taq DNA polymerase was observable by FCS analysis, indicating that higher probe concentrations are indeed necessary for the 5Ј nuclease PCR assay. Another advantage of FCS is its suitability for quantitative analysis, as will be discussed in the Proc. Natl. Acad. Sci. USA 93 (1996) 12809 subsequent paper. Quantitation is most important in diagnostic applications. Probe design for APEX-FCS is straightforward and simply requires a fluorescence-labeled oligodeoxynucleotide binding in between the amplification primers with a melting point equal or higher than that of the primers. Good results were obtained with probes overlapping the 3Ј end of one of the primers, possibly enhancing strand displacement capability of the polymerase. Probe sequence can be chosen freely, so that APEX-FCS detection can be applied to any established PCR system for diagnostic or screening purposes just by adding the probe. The utilized 5Ј-3Ј nuclease free Stoffel fragment of Taq DNA polymerase was initially developed as an improved, low-cost alternative to Taq DNA polymerase in multiplex PCR applications (33, 34) . Since the described assay requires only a single fluorophore label, multiplex applications with a differently labeled probe for each amplified segment can easily be performed. Both PCR and detection step of APEX-FCS lead themselves to automation. Using sealable PCR reaction compartments (35) , FCS detection can be performed through the bottom foil of closed reaction vials, so that amplification and data acquisition are feasible without opening the reaction chamber to avoid cross-contamination (36) . Moreover, other amplification systems like reverse transcriptase-PCR (RT-PCR) and strand displacement amplification (SDA; ref. 37) work well in the APEX-FCS format (N.G.W. and P.S., unpublished results). With RT-PCR, RNA targets can be detected, while with the isothermal SDA reaction, on line monitoring of amplification rather than endpoint observation becomes possible. Since the FCS equipment has recently become commercially available [as the ConfoCor system of EVOTEC Biosystems (Hamburg) and Zeiss], the described simplified detection method for specific amplification products can be envisioned as one example of an increasing number of sophisticated FCS applications (20, 38) .
